Recent scanning tunneling microscopy (STM) studies on the (111) faces of noble metals have directly imaged electronic surface-con ned states, and dramatic standing-wave patterns have been observed in geometrically arranged \quantum corral" structures formed by Fe adatoms on Cu(111). We present a coherent elastic scattering theory for the electronic states in these \leaky" con ning structures by seeking solutions of the two-dimensional Schr odinger equation compatible with Sommerfeld radiation conditions. A direct comparison to the reported experimental data reveals excellent agreement with our elastic scattering theory. We are led to the conclusion that the Fe adatoms are well modeled by nite-height potential barriers, as opposed to \black dot" absorbing scatterers, and that the adatoms do not signi cantly couple the surface-state electrons to the bulk metallic states.
Recent scanning tunneling microscopy (STM) di erential conductance studies demonstrate the e ects of electronic scattering in the vicinity of defects and step edges on Cu(111) at T = 4:2 K 1] and on Au(111) and Ag(111) at room temperature 2, 3] . The (111) faces of noble metals are known to support a two-dimensional electron gas (2DEG) through con nement provided by Shockley surface states 4]. Using STM atomic manipulation \slid-ing" techniques, Crommie and co-workers 5, 6] have geometrically arranged Fe adatoms on Cu(111) which collectively act as \quantum corrals" for the surface-con ned electrons. In these studies, the spatial variation of the STM di erential conductance was measured across the diameter of 48 and 60 Fe adatom circular quantum corrals as well as the energy spectra of the di erential conductance at the center of the corrals. In addition, a two-dimensional image of the standing wave interference pattern for a 76 Fe adatom oval \stadium" shaped quantum corral was reported.
The di erential conductance of the STM tunnel junction over these structures resolve spatial variations and energy spectra resonances which may be interpreted in terms of the local density of states (LDOS) in the vicinity of scattering centers in a 2DEG system. Davis et al. 8] extended the model for the STM junction current of Terso and Hamann 9] and Lang 10] to the case of the 2DEG formed by surface-state con nement, such as on the (111) faces of noble metals. Using the approximation of a spherically symmetric probe-tip acting as an s-wave source, their model predicted that the di erential conductance, dI=dV , of the STM tunnel junction is a measure of the LDOS for the 2DEG on the metallic surface.
Heller et al. 6] reported inelastic multiple-scattering-theory calculations of the spatial variation and energy spectra of the LDOS in quantum corral structures in a comparison with their experimental STM data. In order to obtain agreement between the theoretical calculations and the reported experimental studies, they asserted that the collective Fe adatom corrals act as strongly absorbing scatterers and that the individual Fe adatoms are approximately described by \black dot" scattering characteristics of 25% re ection, 25% transmission and 50% absorption of the incident electronic ux. They conclude that the Fe adatoms couple the surface-con ned states to the normally orthogonal bulk states. Crampin et al. 7] have studied, within a simpli ed model, such adatom-induced coupling between surface and bulk states. For their model system, they found that coupling to bulk states is more important than partial lateral con nement in determining the level widths. However, it is not clear that the chosen model system is appropriate to describe the experimental system.
We present an alternative elastic scattering theory and report our calculations of the theoretical LDOS for the same corral structures reported in Refs. 5] and 6]. Contrary to the results of the multiple scattering theory of Heller et al. 6 ], our results demonstrate that an elastic scattering model in a coherent electronic system is compatible with the reported STM data. We are led to the conclusion that the Fe adatoms do not act as \black dot" absorbing scatterers, but instead are well modeled by nite-height potential barriers for the surface-con ned scattering states.
As described in more detail below, we calculate the electronic states from a coherent quantum mechanical formulation of the multi-dimensional Hamiltonian in open-boundary scattering systems. The LDOS is directly evaluated from the analytic Green function obtained from the system Hamiltonian compatible with an outward Sommerfeld radiation condition. The numerical technique implements non-re ecting boundary conditions (NRBC) on an arti cial boundary enclosing the scattering domain and is compatible with standard nite element methods 11, 12] .
An electronic scattering state, E , with energy E must satisfy the Schr odinger equation for the system Hamiltonian, H E = E E , where
The potential term, V (r), encompasses the elastic scattering centers, which are modeled as nite-height potential barriers. The subsequent formulation of the Hamiltonian using a nite element basis and recast into matrix notation has the form: H = T + V + C] ; where T and V contain the kinetic and potential energy matrix elements, respectively, and C contains the matrix elements which result from the NRBC; for details of the method, refer to 11, 12] . The system Hamiltonian matrix, H, is used to derive the Green function, G = EM ? (T + V + C)] ?1 ; (5) where the matrix elements of M result from the non-orthogonal nite element basis set. The LDOS is then obtained directly from the diagonal elements of the Green function,
Using our elastic scattering theory for the LDOS, we modeled structures based on the physical quantum corral geometries reported in Refs. 5] and 6] from which the experimental data on Cu(111) shown in the following gures was adapted for comparison. Each numerical scattering domain was discretized by a non-uniform triangular mesh extending beyond each Fe adatom corral. The Fe adatoms, discretized and modeled as hard-wall nite potential barriers of 1:52 A diameter, are centered about positions corresponding to sites equidistant from the 2:55 A spaced nearest-neighbor hexagonal Cu(111) sites; accurate placement is important as pointed out in Ref. 6 ]. The only two parameters which were varied in our elastic scattering calculations to obtain the observed agreement with the cited experiments were the electron e ective-mass, m , and the barrier height, E B , of the individual Fe adatom potentials which constitute the corral walls. We found that one set of parameters, m = 0:361m 0 and E B = 2:5eV , was able to reproduce the available experimental data, and it was used for all the elastic scattering calculations reported below. The elastic scattering theory of the spectra in Figs. 1 and 3 achieves good overall agreement with both the peak energies and widths observed in the reported experiment. The lack of agreement of the high energy peak with the quantum box state has been attributed 5] to the motion of a signi cant fraction of the Fe adatoms from their original corral positions. It is expected that an outward movement of the Fe adatoms would relax the quasi-bound state resonant energy, in agreement with the observed downward shift of the high energy peak. The calculated low energy spectra have sharper resonances than is observed in the experimental data, both in our elastic scattering model and also the reported inelastic multiple scattering theory, as seen in Fig. 3 . At higher energies, we nd that nite barrier e ects begin to dominate the elastic scattering calculation and the agreement between the LDOS spectra and experimental dI=dV data improves. The observed overall agreement of our elastic scattering LDOS energy spectra calculations is comparable to that of the reported inelastic multiple scattering theory. As seen in Figs. 2, 4 , and 5 the elastic scattering calculation achieves detailed agreement with the reported experimental STM tip height measurements in the interior of the corral. The divergence of the experiment from our theoretical calculation at the corral boundary, as seen on both sides of Figs. 2 and 4 , is due to the fact that the density of states of the individual adatoms is not included in our model in which the corral \wall" is simply speci ed through nite-height potential barriers acting as elastic scattering centers. Fig. 4 further demonstrates that the detailed agreement of our elastic scattering LDOS calculations with the experimental data is comparable to that of the reported inelastic multiple scattering theory. The theoretical LDOS image in Fig. 5 closely matches the reported STM image and our elastic scattering theory reproduces the details of the electron interference pattern.
Our results and those of Ref. 6] indicate that the available experimental data are compatible with two signi cantly di erent pictures for the adatom-bulk coupling. It is curious that both an elastic and an inelastic scattering model achieve a comparable level of agreement with experiment. Heller et al.'s multiple scattering theory 6] lead them to conclude that the Fe adatoms behave as \black dot" absorbing scatterers, whereas our elastic scattering model leads us to conclude that the Fe adatoms behave as non-absorbing scattering centers. Our results indicate that a picture consistent with experiment is one where the Fe adatoms do not signi cantly couple the normally orthogonal surface state electrons to the bulk metallic Cu states. We speculate that the discrepancy between our model and to one of Ref. 6] might be due to the s-wave approximation invoked by the multiple scattering theory for the Fe adatoms which might have the consequence of requiring inelastic absorption in the scattering process to compensate for the neglected higher order scattering phase shifts. Our conclusion that the individual Fe adatoms interact elastically with the electronic states is important for the design of future experiments, since it may not be necessary to seek systems with reduced surface-bulk coupling, as suggested in Ref. 6] .
In summary, we have presented an elastic scattering theory for the electronic states in quantum corrals. The overall excellent agreement of our results with available STM data on Cu(111) leads us to conclude that a picture consistent with experiment is one where the Fe adatoms act as elastic scattering centers to the surface-con ned electrons, and that there is no signi cant coupling between the 2DEG and bulk states. We thank Dr. Craig S. Lent and Dr. R. Kent Smith for numerous helpful discussions, and gratefully acknowledge partial nancial support by AFOSR, ARPA, and ONR. 
